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&KHUHQNRYUDGLDWLRQ-EDVHGRSWLFDOILEUHGLDJQRVWLFVRIIDVWHOHFWURQVJHQHUDWHGLQLQWHQVH
ODVHU-SODVPDLQWHUDFWLRQV 
+/LX*-4/LDR<-+=KDQJ%--=KX==KDQJ<-7/LD**6FRWW'5XVE\
&$UPVWURQJ(=HPDLW\WH'&&DUUROO6$VWEXU\3%UDGIRUG1:RROVH\30F.HQQD
DQG'1HHO\D 
%HLMLQJ1DWLRQDO/DERUDWRU\IRU&RQGHQVHG0DWWHU3K\VLFV,QVWLWXWHRI3K\VLFV&KLQHVH$FDGHP\RI
6FLHQFHV%HLMLQJ&KLQD 
.H\/DERUDWRU\IRU/DVHU3ODVPDV0R(DQG6FKRRORI3K\VLFVDQG$VWURQRP\6KDQJKDL-LDR7RQJ
8QLYHUVLW\6KDQJKDL&KLQD 
&HQWUDO/DVHU)DFLOLW\5XWKHUIRUG$SSOHWRQ/DERUDWRU\'LGFRW2[IRUGVKLUH2;4;8.  
'HSDUWPHQWRI3K\VLFV683$8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ*1*8. 
'HSDUWPHQWRI3K\VLFV<RUN3ODVPD,QVWLWXWH8QLYHUVLW\RI<RUN+HVOLQJWRQ<RUN<2''8. 
6FKRRORI3K\VLFDO6FLHQFHV8QLYHUVLW\RI&KLQHVH$FDGHP\RI6FLHQFHV%HLMLQJ&KLQD 
&ROODERUDWLYH,QQRYDWLRQ&HQWHURI,)6$&,&,)6$6KDQJKDL-LDR7RQJ8QLYHUVLW\6KDQJKDL
&KLQD  
 
'LDJQRVLQJIDVWHOHFWURQV LV LPSRUWDQW WRXQGHUVWDQG WKHSK\VLFVXQGHUSLQQLQJLQWHQVH ODVHU-SURGXFHG
SODVPDV+HUHZHGHPRQVWUDWHH[SHULPHQWDOO\WKDWD&KHUHQNRYUDGLDWLRQ-EDVHGRSWLFDOILEUHFDQVHUYH
DV D UHOLDEOH GLDJQRVWLF WR FKDUDFWHUL]H WKH IDVW HOHFWURQV HVFDSLQJ IURP VROLG WDUJHWV LUUDGLDWHG E\
XOWUD-LQWHQVH ODVHU SXOVHV 8VLQJ RSWLFDO ILEUH ORRSV WKH QXPEHU DQG DQJXODU GLVWULEXWLRQV RI WKH
HVFDSLQJ HOHFWURQV DUH REWDLQHG 7KH GDWD DJUHHV ZHOO ZLWK PHDVXUHPHQWV PDGH XVLQJ LPDJH SODWH
VWDFNV7KHRSWLFDO ILEUHFDQEHRSHUDWHGDWKLJK-UHSHWLWLRQ UDWHVDQG LV LQVHQVLWLYH WR;-UD\VDQG LRQ
EHDPV ZKLFK PDNHV LW DGYDQWDJHRXV RYHU RWKHU URXWLQHO\-XVHG IDVW HOHFWURQ GLDJQRVWLFV LQ VRPH
DVSHFWV 
 
                                                   
D$XWKRUWRZKRPFRUUHVSRQGHQFHVKRXOGEHDGGUHVVHG\WOL#LSK\DFFQGDYLGQHHO\#VWIFDFXN 
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I. ,QWURGXFWLRQ 
7KH VWXG\ RI IDVW HOHFWURQV JHQHUDWHG LQ LQWHUDFWLRQV EHWZHHQ D UHODWLYLVWLFDOO\ LQWHQVH ODVHU
SXOVH ! :FP DQG D VROLG WDUJHW LV LPSRUWDQW IRU XQGHUVWDQGLQJ ODVHU-SODVPD LQWHUDFWLRQ
SK\VLFVDQGDSSOLFDWLRQV-(OHFWURQVDWWKHWDUJHWIURQWVXUIDFHDUHIRUZDUGRUEDFNZDUGDFFHOHUDWHG
ZLWKYDULRXVPHFKDQLVPVVXFKDVUHVRQDQWDEVRUSWLRQ-YDFXXPKHDWLQJDQG-î%KHDWLQJ:KHQ
WKH IRUZDUG HOHFWURQV UHDFK WKH WDUJHW UHDU VXUIDFH D VKHDWK ILHOG EXLOGV XS ZKLFK UHIOHFWV WKH
HOHFWURQV LPSHGLQJ WKHLU HVFDSH 'LDJQRVLQJ WKH WRWDO QXPEHU DQJXODU GLVWULEXWLRQ DQG HQHUJ\
VSHFWUD RI WKH HOHFWURQV ZKLFK GR HVFDSH FRQWULEXWHV WR XQGHUVWDQGLQJ WKH HIILFLHQF\ DQG
PHFKDQLVPVRIODVHUDEVRUSWLRQDQGWKHHOHFWURQWUDQVSRUWLQWKHWDUJHW7KHPHDVXUHPHQWVDOVR
KHOSWRFKDUDFWHUL]HVHFRQGDU\SURFHVVHVVXFKDVWKHJHQHUDWLRQRIKLJKHQHUJ\LRQV;-UD\VDQG
7+]UDGLDWLRQ 
+LJK UHSHWLWLRQ UDWHV DUH EHFRPLQJ PRUH FRPPRQ IRU PDQ\ RI WKH QHZ XOWUD-LQWHQVH ODVHU
IDFLOLWLHV FXUUHQWO\ EHLQJ FRPPLVVLRQHG ZKLFK DUH FDSDEOHRI GHOLYHULQJ KLJK SRZHU ODVHU SXOVHV
RQWRWDUJHWDWDIUHTXHQF\RI+]RUIDVWHU,PDJHSODWH,3LVZLGHO\XVHGWRGHWHFWHVFDSLQJ
IDVWHOHFWURQV+RZHYHULWFDQRQO\EHXVHGDWORZUHSHWLWLRQUDWHVRULQVLQJOHVKRWRSHUDWLRQPRGH
GXH WR WKH XQDYRLGDEOH WLPH UHTXLUHG IRU H[SHQVH RI UHORDGLQJ DQG VFDQQLQJ 3KRVSKRUV DQG
VFLQWLOODWRUV DUH FRPPRQO\ XVHG IRU KLJK-UHSHWLWLRQ HOHFWURQ EHDP PHDVXUHPHQWV +RZHYHU
SKRVSKRUVDQGVFLQWLOODWRUVDVZHOODV,3DUHQRWRQO\VHQVLWLYHWRHOHFWURQVEXWDOVRWR;-UD\VDQG
LRQV-ZKLFKDUHDOOJHQHUDWHGZKHQLQWHQVHODVHUSXOVHVLUUDGLDWHVROLGWDUJHWV7KLVFDQUHVXOWLQ
KLJK EDFNJURXQG QRLVH OHYHOV RQ WKHVH GHWHFWRUV ,Q DGGLWLRQ ,3 VWDFNV RU VFLQWLOODWRU VFUHHQ
W\SLFDOO\RFFXS\D ODUJHVROLGDQJOHSRWHQWLDOO\PDNLQJ WKHPLQFRPSDWLEOHZLWK WKHVLPXOWDQHRXV
RSHUDWLRQRIRWKHUGLDJQRVWLFV 
&KHUHQNRY UDGLDWLRQ FDQEHJHQHUDWHGZKHQ DQ HOHFWURQSDVVHV WKURXJKDQRSWLFDO ILEUH DW D
VSHHGJUHDWHUWKDQWKHORFDOSKDVHYHORFLW\RIOLJKW7KHWHFKQLTXHLVZLGHO\XVHGWRFKDUDFWHUL]H
WKH UDGLDWLRQ GRVH LQ HOHFWURQ EHDP WKHUDS\ :LWK D VSHFLDOO\ GHVLJQHG WDUJHW WKH HQHUJ\
GLVWULEXWLRQ RI IDVW HOHFWURQV LQVLGH WKH WDUJHW KDV EHHQ VWXGLHG E\ PHDVXUHPHQW RI WKH LQGXFHG
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&KHUHQNRYHPLVVLRQ,QWKLVSDSHUXVLQJDVLOLFDRSWLFDOILEUHEDVHGRQ&KHUHQNRYUDGLDWLRQZH
KDYHPHDVXUHG WKHQXPEHU DQGDQJXODUGLVWULEXWLRQVRI WKH HVFDSLQJHOHFWURQV LQ DQXOWUD-LQWHQVH
ODVHU-VROLGLQWHUDFWLRQH[SHULPHQW:HILQGWKDWWKHVLJQDOLQWHQVLW\RI&KHUHQNRYSKRWRQVLQVLGHWKH
RSWLFDOILEUHGHSHQGVOLQHDUO\RQWKHHVFDSLQJHOHFWURQQXPEHU%DVHGRQWKHOLQHDULW\DZUDSDURXQG
DUUD\RIFXUYHGILEUHORRSVLVEXLOWWRPHDVXUHWKHDQJXODUGLVWULEXWLRQRIWKHHOHFWURQV7KHUHVXOWV
DJUHHZHOOZLWKWKRVHPHDVXUHGXVLQJ,3VWDFNV 
II. 7KHRU\RI&KHUHQNRYUDGLDWLRQLQGXFHGE\HOHFWURQVLQDQRSWLFDOILEUH 
:KHQ D QRQ-PRQRHQHUJHWLF HOHFWURQ EHDP SDVVHV WKURXJK WKH VLOLFD FRUH RI D PXOWLPRGH
VWHS-LQGH[RSWLFDOILEUHDQXPEHURI&KHUHQNRYSKRWRQVDUHJHQHUDWHG$IWHUDSURSDJDWLRQOHQJWK
RI ܮ WKH WRWDOHQHUJ\RI WKH&KHUHQNRYSKRWRQVDWDZDYHOHQJWK ɉ UHPDLQLQJLQ WKHILEUHFDQEH
ZULWWHQDV ݀ܧ௖Ȁ݀ߣ ൌ ߨଶ݄ܿܦଶ݈Ȁሺ ? ? ?ݏ݅݊߰௘ሻߣିଷ ௙ܶ௜௕௥௘ሺܮǡ ߣሻ ׬ ߟ݂ሺܧሻݏ݅݊ଶሺߠ௖ሻ݀ܧ     
ZKHUH ݄ LV3ODQFN¶VFRQVWDQWܿ LV WKH VSHHGRI OLJKW ܦ LV WKHFRUHGLDPHWHU ݈ LV WKH OHQJWKRI
WKHILEUHVHJPHQWH[SRVHGWRWKHHOHFWURQEHDPLQFLGHQFHDQJOH߰௘ LVGHILQHGDVWKHDQJOHEHWZHHQ
HOHFWURQEHDPGLUHFWLRQDQGILEUHD[LV ௙ܶ௜௕௥௘ሺܮǡ ߣሻ LV WKH ILEUH WUDQVPLVVLRQ ݂ሺܧሻ LV WKH IOX[RI
WKH HOHFWURQ EHDP LQFLGHQW RQ WKH ILEUH VHJPHQW ߟ LV WKH FROOHFWLRQ HIILFLHQF\ ZKLFK FDQ EH
UHSUHVHQWHGDV ߟ ൌ  ?Ȁߨ כ ܽݎܿܿ݋ݏቀሺඥ ? െݏ݅݊ଶሺߠ஺ሻ െ ܿ݋ݏ߰௘ܿ݋ݏߠ௖ሻȀሺݏ݅݊߰௘ ݏ݅݊ ߠ௖ሻቁ        
ZKHUH ߠ௖ ൌ ܽݎܿܿ݋ݏሺ ?Ȁሺ݊ ߚሻሻ  ݊  LV WKH FRUH UHIUDFWLRQ LQGH[ ߚ ൌ ݒ௘ ܿ ?  LV WKH VSHHG RI DQ
HOHFWURQLQXQLWVRI ܿߠ஺ ൌ ܽݎܿݏ݅݊ሺܰܣȀ݊ሻZKHUH LVWKHQXPHULFDSHUWXUHRIWKHILEUH 
$FFRUGLQJ WR (T  WKH LQWHQVLW\ RI WKH H[FLWHG &KHUHQNRY VLJQDO LV GHSHQGHQW RQ WKH
SDUDPHWHUVRIWKHILEUHDQGHOHFWURQEHDP7KHFRUHGLDPHWHUGHWHUPLQHVERWKWKHSDWKOHQJWKRIDQ
HOHFWURQLQVLGHWKHRSWLFDOILEUHDQGWKHHIIHFWLYHDUHDH[SRVHGWRWKHHOHFWURQEHDP$ODUJHUFRUH
GLDPHWHUZLOOJHQHUDWHPRUH&KHUHQNRYSKRWRQVGXHWRWKH ܦଶ GHSHQGHQFH,QFUHDVLQJWKHOHQJWK
RIWKHILEUHVHJPHQWH[SRVHGWRWKHHOHFWURQEHDPDOVRHQKDQFHVWKH&KHUHQNRYVLJQDO)RURSWLFDO
UD\V LQVLGH WKH ILEUH FRUH RQO\ WKH UD\V VDWLVI\LQJ WKH FRQGLWLRQ WKDW WKH DQJOH EHWZHHQ WKH
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SURSDJDWLRQ GLUHFWLRQ DQG ILEUH D[LV LV VPDOOHU WKDQ WKH DFFHSWDQFH DQJOH ߠ஺  DUH FROOHFWHG
$FFRUGLQJWR(TWRLQFUHDVHWKHQXPEHURI&KHUHQNRYSKRWRQVFROOHFWHGPXOWLPRGHILEUHZLWK
DODUJHUQXPHULFDSHUWXUHDUHSUHIHUUHG)LJXUHDVKRZVWKDWWKHLQFLGHQFHDQJOHRIWKHHOHFWURQV
SOD\VDNH\UROH LQ WKHHQHUJ\VHOHFWLRQ:KHQWKH LQFLGHQFHDQJOHLVVHW WREH  ? ? ? WKHILEUHFDQ
RQO\ FROOHFW &KHUHQNRY SKRWRQV LQGXFHG E\ HOHFWURQV ZLWK HQHUJ\ EHWZHHQ  DQG  NH9
+RZHYHUWKHILEUHFDQFROOHFWWKRVHLQGXFHGE\KLJKHQHUJ\HOHFWURQVȾ ? ?ZLWKDQHDU-FRQVWDQW
HIILFLHQF\ LI WKH LQFLGHQFHDQJOH LV LQFUHDVHG WR  ? ? ?7KHHPLWWHG&KHUHQNRY OLJKW DWZDYHOHQJWK
EHORZQPZLOOH[SHULHQFHVLJQLILFDQWDEVRUSWLRQORVVZLWKSURSDJDWLRQOHQJWKLQKLJK-2+DQG
ORZ-2+VLOLFD-FRUHILEUHDVVKRZQLQ),*E,WLVREYLRXVWKDWKLJK-2+ILEUHVDUHDGYDQWDJHRXV
LQWUDQVSRUWLQJ&KHUHQNRYSKRWRQVEHFDXVHRIWKHLUKLJKHUWUDQVPLVVLRQLQWKHYLROHWDQGXOWUDYLROHW
UHJLRQ7KHUHIRUHWRREWDLQDVWURQJ&KHUHQNRYVLJQDOLQGXFHGE\UHODWLYLVWLFHOHFWURQVDKLJK-2+
VLOLFD-FRUHODUJH1$PXOWLPRGHILEUHZLWKDQLQFLGHQFHDQJOHRI  ? ? ? ? LVSUHIHUUHG 
 
FIG. 1.(a) Collection efficiency as a function of electron energy with different incidence angle߰௘, 
numeric aperture ܰܣ ൌ  ?Ǥ ? ?. (b) Attenuated Cherenkov spectra from high-OH and low-OH 
silica-core fibre under different transmission lengths.  
7KHXOWUD-VKRUW&KHUHQNRYOLJKWSXOVHVLQGXFHGE\IDVWHOHFWURQVZLOOEHEURDGHQHGWHPSRUDOO\
ZKHQ SURSDJDWLQJ LQVLGH DQ RSWLFDO ILEUH )RU VLOLFD-FRUH VWHS-LQGH[ PXOWLPRGH ILEUH SXOVH
EURDGHQLQJHIIHFWPDLQO\UHVXOWVIURPWKHLQWHUPRGDOGLVSHUVLRQ7KHLQLWLDO&KHUHQNRYOLJKWSXOVH
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GXUDWLRQ LV DSSUR[LPDWHO\ HTXDO WR WKDW RI WKH HVFDSLQJ HOHFWURQ SXOVH ZKLFK LV HIIHFWLYHO\
QHJOLJLEOHLQFRPSDULVRQWRPRGDOGLVSHUVLRQHIIHFWV$VDUHVXOWWKHUPVSXOVHZLGWK ߪ௢௨௧ LQWKH
RXWSXWRIWKHILEUHFDQEHFDOFXODWHGDV ߪ௢௨௧ ؆ ߪ௠௢ௗ ൎ ሺܰܣሻଶ ڄ ܮȀሺ ? ? ?ܿ ݊ሻ       
ZKHUH ߪ௠௢ௗ LV WKH UPV EURDGHQLQJ RI LQWHUPRGDO GLVSHUVLRQ 7R VHSDUDWH WZR &KHUHQNRY OLJKW
SXOVHV LQGXFHG DW WZR GLIIHUHQW SRVLWLRQV DORQJ WKH ILEUH WKH PLQLPXP OHQJWK RI ILEUH ݈௠௜௡
EHWZHHQWKHWZRSRLQWVVKRXOGVDWLVI\ ݈௠௜௡ ذ ሺܰܣሻଶ כ ܮȀሺ ? ? ?݊ ଶሻ             
III. ([SHULPHQWVDQGUHVXOWV 
A. :DYHIRUPDQGVSHFWUXPRIWKH&KHUHQNRYOLJKWSXOVHLQDVLQJOHRSWLFDOILEUH 
7KH H[SHULPHQW LV SHUIRUPHG ZLWK WKH 9XOFDQ ODVHU IDFLOLW\ DW WKH 5XWKHUIRUG $SSOHWRQ
ODERUDWRU\ 5$/ 8. )LJXUH  VKRZV WKH H[SHULPHQWDO VHWXS $  QP ODVHU SXOVH ZLWK D
GXUDWLRQRISVDQGHQHUJLHVXSWR-LVIRFXVHGRQWRD Ɋ WKLFN$XIRLOWDUJHWUHVXOWLQJLQ
DSHDNLQWHQVLW\RI  ? ൈ ? ?ଶ଴ :FPZLWKDIRFDOVSRWRI Ɋ ):+0$ Ɋ VLOLFD-FRUH
PXOWLPRGH VWHS-LQGH[ ILEUH LV SODFHG EHKLQG WKH IRLO WDUJHW WR VDPSOH WKH IDVW HOHFWURQV HVFDSLQJ
IURPWKHWDUJHWUHDU7KHLQGXFHGSKRWRQVSURSDJDWHDORQJWKHILEUHLQWZRRSSRVLWHGLUHFWLRQVDQG
H[LW DW ERWK HQGV RI WKH ILEUH 2QH HQG LV FRXSOHG LQWR D 0&3 SKRWRPXOWLSOLHU 3KRWHN PRGHO
307ZLWK0J)LQSXWZLQGRZZKRVHWLPHUHVROXWLRQFDQUHDFKSVDQGJDLQDSSUR[LPDWH ? ?଺  ZLWK  N9 DSSOLHG 7KH DPSOLILHG OLJKW VLJQDO LV UHFRUGHG RQ D *+]-EDQGZLGWK
RVFLOORVFRSH7KHRSWLPXPVHQVLWLYLW\RI WKH307LVEHWZHHQQPDQGQPDQGGHFUHDVHV
UDSLGO\ IRU ORQJHU ZDYHOHQJWK 7KH RWKHU HQG LV FRQQHFWHG WR DQ RSWLFDO VSHFWURPHWHU $QGRU
6KDPURFN65-LWRPHDVXUHWKHVSHFWUXPRIWKH&KHUHQNRYOLJKW 
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),*T([SHULPHQWDOVFKHPDWLFOD\RXWWRPHDVXUHWKHZDYHIRUPDQGVSHFWUXPRI&KHUHQNRYOLJKW
LQGXFHGE\HVFDSLQJHOHFWURQVLQDQRSWLFDOILEUH 
 
),* D7\SLFDO&KHUHQNRYVLJQDO IURPD  ? ? ?Ɋ GLDPHWHUVLOLFD-FRUHPXOWLPRGHVWHS-LQGH[
ILEUH DIWHU SURSDJDWLQJ  P PHDVXUHG E\ WKH 307 E 6SHFWUXP RI &KHUHQNRY OLJKW DIWHU
SURSDJDWLQJ  P PHDVXUHG E\ WKH RSWLFDO VSHFWURPHWHU F 0HDVXUHG YHUVXV WKHRUHWLFDO
&KHUHQNRYVSHFWUXP 
7KH QXPEHU RI &KHUHQNRY SKRWRQV JHQHUDWHG LQ WKH FRUH LV DERXW  WLPHV RI WKDW LQ WKH
FODGGLQJZLWK WKHGLDPHWHU UDWLREHWZHHQ WKHPRI0RUHRYHU OLJKWVSUHDGLQJ LQ WKHFODGGLQJ
H[SHULHQFHVPXFKKLJKHUSRZHUORVVWKDQWKDW LQWKHFRUH7KHUHIRUH WKHPDMRULW\RIWKHVLJQDO LV
IURP WKH VLOLFDFRUHRI WKH ILEUH)LJXUHD VKRZVD W\SLFDO VLJQDO IURP WKH307ZKLFKVXIIHUV
OLWWOHHOHFWURPDJQHWLFQRLVH7KH WHPSRUDOZLGWKRI WKH VLJQDO LVQV ):+07KHH[SHFWHG
SXOVHEURDGHQLQJGXHWRLQWHUPRGDOGLVSHUVLRQLVDURXQGQVDIWHUDSURSDJDWLRQOHQJWKRI
PLQWKHILEUH)DFWRULQJLQWKHWLPHUHVROXWLRQRIWKH307WKHRULJLQDOSXOVHZLGWKLVHVWLPDWHGDWD
OHYHO RI VHYHUDO SLFRVHFRQGV 7KLV LV PXFK GLIIHUHQW IURP WKH W\SLFDO OLJKW SXOVH JHQHUDWHG E\
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VFLQWLOODWLRQ SURFHVV ZKLFK KDV D VKRUW ULVH WLPH DQG ORQJ GHFD\ WLPH ZLWK GXUDWLRQ PRUH WKDQ
VHYHUDOQDQRVHFRQGV&RQVLGHULQJWKHSXOVHGXUDWLRQDQGZDYHIRUPWKHLQVWDQWDQHRXV&KHUHQNRY
UDGLDWLRQ LV RQH RI WKH PRVW SRVVLEOH SURFHVVHV DFFRXQWLQJ IRU WKH PHDVXUHG QDQRVHFRQGV OLJKW
SXOVHV)LJXUHEVKRZVDW\SLFDO&KHUHQNRYOLJKWVSHFWUXPPHDVXUHGE\WKHRSWLFDOVSHFWURPHWHU
7KHVSHFWUXPLVFRQWLQXRXVDQGEURDGIURPQPWRQPUDWKHUWKDQDSHDNHGVSHFWUXPZKLFK
LV D VLJQDWXUH RI PRVW VFLQWLOODWLRQ SURFHVVHV 7KH PHDVXUHG VSHFWUXP LV ZHOO UHSURGXFHG E\ WKH
WKHRUHWLFDO RQH DIWHU FRQVLGHULQJ WKH VSHFWUDO DWWHQXDWLRQ RI WKH ILEUH DQG VHQVLWLYLW\ RI WKH
VSHFWURPHWHU DV VKRZQ LQ ),* F 7KLV SURYLGHV DGGLWLRQDO HYLGHQFH RI WKH PHDVXUHG OLJKW
FRPLQJIURPWKH&KHUHQNRYUDGLDWLRQ 
(VFDSLQJ HOHFWURQV KLJK HQHUJ\ SURWRQV DQG ;-UD\V DUH VLPXOWDQHRXVO\ JHQHUDWHG LQ RXU
H[SHULPHQW 7KH HQHUJ\ WKUHVKROG RI HOHFWURQV WKDW FDQ LQGXFH &KHUHQNRY UDGLDWLRQ LQ WKH VLOLFD
RSWLFDO ILEUH LV RQO\  NH9 ZKLFK LV PXFK ORZHU WKDQ WKH HOHFWURQ WHPSHUDWXUH a0H9 LQ RXU
H[SHULPHQW7KHWKUHVKROGLV*H9IRUSURWRQV,QRXUH[SHULPHQWWKHPD[LPXPSURWRQHQHUJ\LV
DERXW  0H9 IDU IURP WKH WKUHVKROG WULJJHULQJ WKH &KHUHQNRY UDGLDWLRQ ,Q LQWHQVH ODVHU-VROLG
LQWHUDFWLRQ H[SHULPHQWV DQRWKHU PDLQ HPLVVLRQ LV ;-UD\V IURP KXQGUHGV RI H9 WR WHQV RI NH9
+RZHYHU ;-UD\ ZLWK VXFK HQHUJ\ FDQQRW LQGXFH &KHUHQNRY UDGLDWLRQ ,Q DGGLWLRQ JDPPD UD\V
FRXOG DOVR LQGXFH &KHUHQNRY UDGLDWLRQ E\ HOHFWURQ-SRVLWURQ SDLU SURGXFWLRQ LQ DQ RSWLFDO ILEUH
+RZHYHU WKLV FRQWULEXWLRQ LV QHJOLJLEOH FRPSDUHG ZLWK WKDW LQGXFHG E\ WKH UHODWLYLVWLF HVFDSLQJ
HOHFWURQVIRU WKLQORZWRPLG=VROLGWDUJHWV7KHUHIRUH WKHPHDVXUHG&KHUHQNRYHPLVVLRQLQWKH
ILEUHLQRXUH[SHULPHQWLVPDLQO\LQGXFHGE\WKHHVFDSLQJHOHFWURQV 
B. $ILEUHORRSDVDQHVFDSLQJHOHFWURQQXPEHUPRQLWRU 
$FXUYHGILEUHDUUD\LVGHVLJQHGWRPHDVXUHWKHHVFDSLQJHOHFWURQQXPEHUZLWKWKH&KHUHQNRY
UDGLDWLRQ)LJXUHVKRZVWKHH[SHULPHQWDOOD\RXWDQGDSLFWXUHRIWKHDUUD\7KHDUUD\FRQVLVWVRI
FXUYHG ILEUH ORRSV ZRXQGHG IURP D VLQJOH ORQJ ILEUH 7KH VKDSHV RI WKH ORRSV DUH ULJKW-DQJOH
WULDQJOHV ZLWK GLIIHUHQW K\SRWHQXVH DQJOHV IURP  ? ? ? WR  ? ? ?7KH KRUL]RQWDO VHFWLRQV RI WKH ILEUH
DORQJ WKH ULJKW-DQJOH VLGH QHDU WKH ODVHU SURSDJDWLRQ GLUHFWLRQ DUH VKLHOGHG IURP WKH HVFDSLQJ
HOHFWURQVE\PPGLDPHWHUVWDLQOHVVVWHHOSRVWV7KH&KHUHQNRYSKRWRQVJHQHUDWHGLQWKHYHUWLFDO
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ILEUHVHFWLRQVDORQJWKHRWKHUULJKW-DQJOHVLGHFDQQRWEHFROOHFWHGGXHWRWKHODUJHLQFLGHQWDQJOH$V
DUHVXOWRQO\WKHILEUHVHFWLRQVDORQJWKHK\SRWHQXVHVSURGXFH&KHUHQNRYVLJQDOVRIWKHHVFDSLQJ
HOHFWURQV7KHRXWSXW&KHUHQNRYVLJQDOVIURPRQHHQGRIWKHORRSVDUHGLUHFWHGLQWRD0&3-307
VLPLODUWRWKDWLQ),*  
:HXVHDQHOHFWURQVSHFWURPHWHUZLWKD7PDJQHWDQGDFDOLEUDWHGLPDJHSODWHGHWHFWRUWR
FDOLEUDWH WKHFXUYHGILEUHDUUD\7KHVSHFWURPHWHU LV LQVWDOOHG LQ WKH ODVHUSURSDJDWLRQGLUHFWLRQ WR
PHDVXUH WKH HOHFWURQV IURP WKH UHDU WDUJHW VXUIDFH 7KH ORRS DUUD\ LV VHW XS EHVLGH WKH HOHFWURQ
VSHFWURPHWHUZLWKWKHDQJOHEHWZHHQWKHPVPDOOHUWKDQ  ? ?  
 
),*  ([SHULPHQWDO OD\RXW RI WKH ILEUH DUUD\ FRQVLVWLQJ RI  FXUYHG ORRSV DQG HOHFWURQ
VSHFWURPHWHU 
7KHFDOFXODWHGHOHFWURQHQHUJ\-VSHFWUDO VHQVLWLYLW\ IRUHDFK ILEUH ORRS LVVKRZQ LQ),*D
(DFKORRSFDQRQO\UHVSRQVHWRWKHHOHFWURQVDERYHDVSHFLILFHQHUJ\ZKLFKLVGHWHUPLQHGE\WKH
K\SRWHQXVH DQJOHV 7KH PLQLPXP HQHUJLHV DUH  NH9 IRU ORRS  DQG  0H9 IRU ORRS 
UHVSHFWLYHO\$FFRUGLQJWR),*DDOOWKHORRSVKDYHDUHODWLYHO\IODWVSHFWUDOUHVSRQVHRIIRUKLJK
HQHUJ\HOHFWURQV7KLVPHDQVWKHQXPEHURIKLJKHQHUJ\HOHFWURQQXPEHUFDQEHGLUHFWO\HVWLPDWHG
EDVHGRQWKHVLJQDOLQWHQVLW\ZLWKRXWDQ\DVVXPSWLRQIRUWKHHQHUJ\GLVWULEXWLRQ 
)LJXUHEVKRZVDW\SLFDO&KHUHQNRYOLJKWVLJQDOPHDVXUHGE\WKHILEUHDUUD\WDNHQIURPD
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 ? ? ?Ɋ &RSSHUIRLOWDUJHWGULYHQE\D-SVODVHUSXOVHDWDQLQWHQVLW\RI:FP7KHUH
DUHOLJKWSXOVHVSUHVHQWHGZKLFKFRUUHVSRQGWRWKHORRSV7KHJDSVEHWZHHQWKHSXOVHVDUHGXH
WRWKHQLOOUHVSRQVHRIWKHILEUHVHFWLRQVDORQJWKHWZRULJKW-DQJOHVLGHV$ILYH-WXUQILEUHFRLOLVVHW
LQWKHSODQHYHUWLFDOWRODVHUSURSDJDWLRQGLUHFWLRQZLWKWKHVDPHGLVWDQFHDQGKHLJKWIURPWKHWDUJHW
DVWKHULJKW-WULDQJOHILEUHORRSV7KHPHDVXUHGVLJQDOIURPWKHILEUHFRLOLVQHJOLJLEOHFRPSDUHGWR
WKHVLJQDOIURPWKHILEUHORRSVZKLFKIXUWKHUSURYHVWKHLQFLGHQFHDQJOHGHSHQGHQFHRI&KHUHQNRY
UDGLDWLRQ  
 
),*D(OHFWURQHQHUJ\GHSHQGHQWVHQVLWLW\RIWKHILEUHORRSVE7\SLFDOVLJQDOZDYHIRUPRI
WKH ILEUH ORRSV F7\SLFDO HOHFWURQ HQHUJ\ VSHFWUXP PHDVXUHGE\ WKH HOHFWURQ VSHFWURPHWHU G
&RUUHODWLRQEHWZHHQLQWHJUDWHGSXOVHVLJQDORIORRSDQGHOHFWURQQXPEHUEHWZHHQWR0H9
PHDVXUHGE\WKHHOHFWURQVSHFWURPHWHU 
$W\SLFDOHQHUJ\VSHFWUXPRIWKHHVFDSLQJHOHFWURQVPHDVXUHGE\WKHHOHFWURQVSHFWURPHWHULV
VKRZQLQ),*F7KHVSHFWUXPLVILWWHGZLWKD0D[ZHOOGLVWULEXWLRQZLWKDQHOHFWURQWHPSHUDWXUH
RI0H9,WLVIRXQGWKDWWKHWHPSHUDWXUHLVLQWKHUDQJHRI-0H9ZKHQWKHODVHUSDUDPHWHUV
DUH FKDQJHG +RZHYHU WKH HOHFWURQ QXPEHU YDULHV FRQVLGHUDEO\ 7KH QXPEHU RI WKH HVFDSLQJ
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HOHFWURQVLVFDOFXODWHGXVLQJWKHPHDVXUHGVSHFWUXPE\LQWHJUDWLQJWKHQXPEHURIHOHFWURQVEHWZHHQ
0H9DQG0H9&RQVLGHULQJ WKHUHODWLYHVHQVLWLYLW\RI WKHHLJKW ORRSV WKHSXOVHVLJQDO IURP
ORRSLVLQWHJUDWHGRYHUWLPHWRFKDUDFWHUL]HWKHHOHFWURQQXPEHU7KHFRPSDULVRQEHWZHHQWKHPLV
VKRZQLQ),*GEDVHGRQWKHGDWDREWDLQHGIURPVKRWVLQWKHH[SHULPHQW$OLQHDUFRUUHODWLRQ
EHWZHHQWKHQXPEHURIHOHFWURQVDQGLQWHJUDWHGLQWHQVLW\RIWKHSXOVHG&KHUHQNRYVLJQDOLVIRXQG 
C. :UDSDURXQGDUUD\RIILEUHORRSVDVDQDQJXODUGLVWULEXWLRQGLDJQRVWLFRIHVFDSLQJHOHFWURQV 
 (LJKWHHQILEUHORRSVDUHZRXQGXVLQJDVLQJOHORQJILEUHWRPHDVXUHWKHDQJXODUGLVWULEXWLRQ
RIWKHHVFDSLQJHOHFWURQV$VVKRZQLQ),*DDQGEWKRVHILEUHORRSVIRUPDZUDSDURXQGDUUD\
FHQWHUHG DURXQG WKH WDUJHW ZKLFK FRYHUV D KRUL]RQWDO DQJOH RI  LQ WRWDO 7KH DQJXODU VSDFLQJ
EHWZHHQWKHDGMDFHQWORRSVLV)LJXUHFVKRZVWKHJHRPHWULFDOVWUXFWXUHRIHDFKORRSZKLFKLV
PDGHXSRIWKUHHVHJPHQWV6HJPHQW? LVVHWIRUVDPSOLQJWKHXSSHUKDOIRIWKHHVFDSLQJEHDP
6HJPHQW? LVIRUWKHORZHUKDOIRULJLQDOO\EXWLW LVEORFNHGE\WKH,3VWDFNVLQWKHH[SHULPHQW
7KHLQFLGHQWDQJOHRIWKHHOHFWURQVRQWRWKHVHJPHQW? LVEHWZHHQDQG),*GVKRZV
WKHVHQVLWLYLW\RIVHJPHQW?ZKLFKPDLQO\UHVSRQVHWRUHODWLYLVWLFHOHFWURQV7KHLQFLGHQFHDQJOH
RQWR WKH VHJPHQW? LV VR ODUJH WKDW&HUHQNRYSKRWRQVJHQHUDWHG LQ LW FDQQRWEHFROOHFWHG$VD
UHVXOW VHJPHQW? DQG VHJPHQW? JHQHUDWH D WLPH VHSDUDWLRQEHWZHHQ&KHUHQNRY VLJQDOV IURP
WZRDGMDFHQWORRSV 
:UDSDURXQG,3VWDFNVDUHLQVWDOOHGWRFDOLEUDWHWKHUHODWLYHVHQVLWLYLW\RIWKHILEUHORRSDUUD\
7KHVWDFNVDUHVLWXDWHGLQWKHORZHUKDOIRIWKHHVFDSLQJHOHFWURQEHDPFRYHULQJDQDQJXODUUDQJHWR
WKHWDUJHWQRUPDOIURP-WR  
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FIG. 6. D3KRWRJUDSKRI WKH H[SHULPHQWDO OD\RXW RI DQJXODU GLVWULEXWLRQ PHDVXUHPHQW XVLQJ ,3
VWDFNVDQGDILEUHORRSDUUD\7KHGLVWDQFHVIURPWDUJHWFHQWHUWR,3VWDFNVDQGWKHILEUHORRSDUUD\
DUHPPDQGPPUHVSHFWLYHO\ E6FKHPDWLF WRSYLHZRI WKH OD\RXW LQ D F6FKHPDWLF
GLDJUDPRI WKHVHWXSRI WKHFXUYHGILEUH ORRSG(QHUJ\GHSHQGHQWVHQVLWLW\RI WKHFXUYHGILEUH
ORRSLQF 
$ Ɋ FRSSHU IRLO WDUJHWZDV VKRWZLWK WKH ODVHUEHDPDW WKHEHVW IRFXV WRFDOLEUDWH WKH
UHODWLYH VHQVLWLYLW\ RI WKH ILEUH ORRSV )LJXUH D VKRZV WKH DQJXODU GLVWULEXWLRQ RI WKH HVFDSLQJ
HOHFWURQVPHDVXUHGRQWKHILUVWOD\HURI WKH,3VWDFNVZKLFKLVPDLQO\VHQVLWLYHWRHOHFWURQVPRUH
WKDQ  0H9 7KHUH DUH WZR HOHFWURQ EHDPV REVHUYHG 7KH PDLQ EHDP LV LQ WKH WDUJHW QRUPDO
GLUHFWLRQDQGWKHRWKHUZHDNHURQHLQWKHODVHUSURSDJDWLRQGLUHFWLRQ)LJXUHEVKRZVWKHVLJQDO
IURP WKH ILEUH ORRS DUUD\ FRQVLVWLQJ RI HLJKWHHQ IXOO\ VHSDUDWHG SXOVHV 'XH WR WKH LQWHUPRGDO
GLVSHUVLRQWKHVLJQDOVDUHEURDGHQHGLQFUHDVLQJO\DVWKH&KHUHQNRYOLJKWWUDYHOVWKURXJKDJUHDWHU
QXPEHURIORRSVEHIRUHUHDFKLQJWKHGHWHFWRU 
The electron number incident onto each fibre loop is estimated E\LQWHJUDWLQJWKHVLJQDORQWKH
,3RYHUWKHDUHDVFRUUHVSRQGLQJWRHDFKORRS7KHFDOLEUDWLRQIDFWRURIHDFKORRSLVFDOFXODWHGDVWKH
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UDWLRRIWKH&KHUHQNRYVLJQDOLQWHQVLW\DQGWKHHVWLPDWHGHOHFWURQQXPEHUIURPWKH,3DVVKRZQLQ
),*F)RU WKHILUVWWKUHHORRSVWKHH[SRQHQWLDOGHFUHDVHRIWKHFDOLEUDWLRQIDFWRU LVGXHWRWKH
KXJHEHQGORVVLQWKHILEUHThe calibration factors of the last 10 loops are near-constant because 
the bend loss becomes saturated with the multi-turns layout.31 This bend loss saturation is due to the 
near complete rejection of the high modes after a certain length of the bent fibre. However, the 
low-order modes can still remain to propagate inside the core with a negligible bend loss. 
With the calibration factors, the angular distribution of the escaping electrons can be calculated 
using the Cerenkov signals from the fibre loop array. To verify the validity of this diagnosing 
method, we took another laser shot with the IP stacks and the fibre loops array unchanged. Good 
agreement is found between the angular distribution of escaping electrons given by the calibrated 
fibre loops array and the IP stacks as shown in FIG. 7(d). 
 
),*D$QJXODUGLVWULEXWLRQPHDVXUHGE\WKHZUDSDURXQG,3VWDFNV7KHEODFNGDVKHGOLQHVDW ? ? DQG  ? ? ? UHSUHVHQW WKH WDUJHW QRUPDO DQG ODVHU SURSDJDWLRQ GLUHFWLRQ UHVSHFWLYHO\ E
&KHUHQNRYVLJQDOIURPWKHDUUD\RIWKHILEUHORRSVF&DOLEUDWLRQIDFWRUVRIWKHILEUHORRSVDUUD\
REWDLQHG E\ FRPSDULQJ ZLWK WKH ,3 PHDVXUHPHQW G &RPSDULVRQ RI WKH DQJXODU GLVWULEXWLRQV
PHDVXUHGE\WKHFDOLEUDWHGILEUHORRSDUUD\DQGZUDSDURXQG,3VWDFNV 
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IV. &RQFOXVLRQ 
&KHUHQNRYUDGLDWLRQLQGXFHGE\HVFDSLQJHOHFWURQVLQVLGHDVLOLFD-FRUHPXOWLPRGHRSWLFDOILEUH
KDVEHHQFKDUDFWHUL]HGZLWKDVHULHVRIPHDVXUHPHQWVFDUULHGRXWLQLQWHQVHODVHU-SODVPDLQWHUDFWLRQ
H[SHULPHQWV7KH ZDYHIRUPDQG VSHFWUXPRI &KHUHQNRY OLJKW SXOVHV LQ D VLQJOH RSWLFDO ILEUH DUH
PHDVXUHG$OLQHDUFRUUHODWLRQLVREVHUYHGEHWZHHQWKHLQWHQVLW\RIWKH&KHUHQNRYOLJKWIURPDILEUH
ORRSDQGHVFDSLQJHOHFWURQQXPEHU$FDOLEUDWHGILEUHORRSDUUD\LVGHVLJQHGWRPHDVXUHWKHDQJXODU
GLVWULEXWLRQRIHVFDSLQJHOHFWURQVLQJRRGDJUHHPHQWZLWKWKDWPHDVXUHGE\,3VWDFNV$SDUWIURP
WKH DQJXODU GLVWULEXWLRQ WKH HQHUJ\ VSHFWUDO FKDUDFWHULVWLF RI HVFDSLQJ HOHFWURQV FDQ DOVR EH
PHDVXUHGSRWHQWLDOO\ZLWKGLIIHUHQWLQFLGHQFHDQJOHVVHWIRUDQRSWLFDOILEUH&RPSDUHGZLWKRWKHU
FRQYHQWLRQDO GLDJQRVWLFV RI IDVW HOHFWURQV &KHUHQNRY UDGLDWLRQ-EDVHG RSWLFDO ILEUH VKRZV
DGYDQWDJHVLQFOXGLQJWKHSRWHQWLDOWRRSHUDWHDWKLJKUHSHWLWLRQORZLRQDQG;-UD\VHQVLWLYLW\DQG
IOH[LEOH VL]H DQG VKDSH PDNLQJ LW VXLWDEOH IRU QH[W-JHQHUDWLRQ KLJK-UHSHWLWLRQ ODVHU-SODVPD
H[SHULPHQWV 
 
$FNQRZOHGJHPHQWV 
7KLVZRUNLVVXSSRUWHGE\WKH1HZWRQ&KLQD-8.MRLQWUHVHDUFKJUDQWRQODVHU-LRQDFFHOHUDWLRQ
DQG QRYHO 7HUDKHUW] UDGLDWLRQ and EPSRC (Grant No. EP/K022415/1 and EP/R006202/1) 7KLV
ZRUN LV DOVR VXSSRUWHG E\ the National Basic Research Program of China (Grants No. 
2013CBA01501)DQGWKH1DWLRQDO1DWXUH6FLHQFH)RXQGDWLRQRI&KLQD*UDQWV1R
DQG  WKH 6WUDWHJLF 3ULRULW\ 5HVHDUFK 3URJUDP RI WKH &KLQHVH $FDGHP\ RI 6FLHQFHV
*UDQW1R;'%DQG;'%*4/ZRXOG OLNH WR DFNQRZOHGJH VXSSRUW IURP
WKH1DWLRQDO3RVWGRFWRUDO3URJUDPIRU,QQRYDWLYH7DOHQWV*UDQWV1R%; 
'DWD DVVRFLDWHG ZLWK UHVHDUFK SXEOLVKHG LQ WKLV SDSHU FDQ EH DFFHVVHG DW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